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Introduction
How information is transferred and processed in the healthy hippocampus is not determined only by neuronal connectivity or synaptic and neuronal properties. Information processing is also profoundly shaped by rapid and reciprocal astrocyte-neuron communication operating on short time scales of milliseconds to minutes (for a review, Rusakov et al. 2014) . Therefore, it is intuitive that long-term changes of astrocyte structure or function over weeks and months can have an impact on neuronal signalling in the hippocampus. Such astrocytic long-term changes are a hallmark of mesial temporal lobe epilepsy, a common and disabling disease. A prominent finding in later stages of the disease in patients and animal models is hippocampal astrogliosis. The term describes a number of changes of astrocyte density, morphology, biochemistry and physiology associated with epilepsy but also other diseases (Sofroniew & Vinters, 2009; Pekny & Pekna, 2014) . Some of these late and long-lasting functional modifications like altered K + and glutamate clearance by astrocytes can contribute to the generation of epileptic activity and seizures. Comprehensive recent reviews and books cover this topic in depth Noebels et al. 2012; Crunelli & Carmignoto, 2013; Coulter & Steinhäuser, 2015) . Several recent studies suggest a causal role of astrogliosis in epileptogenesis. For example, experimental induction of reactive astrogliosis by viral overexpression of enhanced green fluorescent protein (EGFP) in hippocampal astrocytes led to reduced expression of glutamine synthetase, reduced synaptic inhibition, and as a consequence, network hyperexcitability (Ortinski et al. 2010) . Conditional deletion of β1-integrin also results in astrogliosis, reduced glutamate uptake, altered chloride transporter expression and development of epilepsy (Robel et al. 2015 ). These studies demonstrate that induction of persistent astrogliosis and the ensuing changes of astrocyte function are sufficient to render neuronal networks susceptible to the development of spontaneous seizures after a 'latent period' of days and weeks. They also suggest that any stimulus that initiates the pathophysiological transformation of astrocytes into reactive astrocytes has the potential to result in epilepsy with some delay, which would depend on many factors including the speed of progression of astrogliosis. In addition to long-term changes of astrocyte physiology, astrocyte-neuron interactions that are physiologically active in the hippocampus may also contribute to the generation or propagation of epileptic activity.
A general view is that epileptic activity and seizures are characterized by an overall increase of neuronal action potential firing, although it is not fully understood how ictal activity emerges and terminates (Bower & Buckmaster, 2008; Truccolo et al. 2011; Walker, 2011) . Therefore, any property that allows astrocyte-neuron communication to amplify, prolong or disinhibit neuronal activity could be considered epileptogenic. Indeed, a multitude of astrocyte-neuron interactions that could create excitatory feedback loops between neurons and astrocytes have been documented in the healthy hippocampus. Thus, astrocytes may amplify even mild increases of network activity or contribute to epileptic activity. Experimental data also demonstrate that astrocyte-neuron signalling can occur on a slower time scale than fast neuronal synaptic transmission thereby possibly prolonging periods of increased network activity. In addition to positive feedback, astrocyte-neuron signalling can provide short-term negative feedback by, for instance, inhibiting excitatory synaptic transmission. The balance of positive and negative astrocyte feedback on epileptic activity could determine the overall effect of astrocyte-neuron interactions on epileptiform activity. The aim of this review is to explore specific astrocyte-neuron interactions that could rapidly promote or counteract generation and propagation of epileptic activity without requiring the long-lasting astrocyte modifications associated with astrogliosis. The focus will be on mechanisms of astrocyte-neuron signalling documented in the healthy hippocampus that operate on time scales of seconds and minutes and thus establish fast feedback in response to short periods of increased neuronal/epileptic activity.
Astrocyte Ca 2+ signalling
Astrocytes are electrically passive cells but respond to a variety of neurotransmitters with cytosolic and often store-dependent Ca 2+ increases. This was first observed for the neurotransmitter glutamate in cultured astrocytes using Ca 2+ -sensitive fluorescent indicators (Cornell-Bell et al. 1990 ; for a review, Rusakov et al. 2014) . In the hippocampus, astrocyte Ca 2+ transients can be induced in situ by high frequency stimulation protocols of axonal connections (Porter & McCarthy, 1996; Henneberger et al. 2010) and in vivo using sensory stimulation (Navarrete et al. 2012) . They are also associated with epileptiform activity in vitro. For example, induction of paroxysmal depolarizing shifts characteristic for interictal activity (Engel, 2001) in acute hippocampal slices resulted in time-locked astrocyte Ca 2+ transients (Tian et al. 2005 ). The probability of observing Ca 2+ transients was also increased when mixed interictal and ictal-like activity was acutely induced in hippocampal slices (Fellin et al. 2006) . Similarly, ictal-like network activity was shown to activate somatic Ca 2+ signalling in entorhinal and hippocampal astrocytes (Gómez-Gonzalo et al. 2010) . Equivalent observations have been made in vivo. Pharmacological disinhibition of cortical network activity led to an acute increase of neuronal population bursting, to an increased occurrence of astrocyte Ca 2+ spikes and to more strongly coordinated Ca 2+ signalling in neighbouring astrocytes (Hirase et al. 2004) .
Although these studies have focused primarily on somatic Ca 2+ transients for technical reasons, they clearly indicate that high frequency network activity and epileptic activity do trigger astrocyte Ca 2+ transients. However, improved imaging techniques and the development of genetically encoded Ca 2+ indicators have revealed that this might represent only the proverbial 'tip of the iceberg' . Focal and small-scale Ca 2+ transients occurring in the periphery of astrocytes were more recently shown to occur much more frequently than somatic or large-scale transients in vitro and in vivo (Di Castro et al. 2011; Kanemaru et al. 2014; Srinivasan et al. 2015) . This might be important in the context of epilepsy for at least two reasons. Firstly, short, interictal-like activity may be a potent trigger of local astrocyte Ca 2+ signalling without involvement of the soma because even single synaptic stimuli are sufficient to induce local Ca 2+ transients (Panatier et al. 2011) . Secondly, the spatial extent of Ca 2+ transients triggered by epileptic activity (e.g. local transients extending a couple of micrometres, individual branches or the entire astrocyte) could be an important parameter. It would determine how many of the ß140,000 synapses an individual astrocyte can cover in the CA1 stratum radiatum (Bushong et al. 2002) within hippocampal astrocytes is reduced and they are located closer to synapses after enhancing neuronal activity (Jackson & Robinson, 2015; Stephen et al. 2015) . Epileptic activity may have a very similar effect. Interestingly, disrupting this mobility pattern of astrocytic mitochondria can prolong spontaneously occurring Ca 2+ transients (Jackson & Robinson, 2015; Stephen et al. 2015) . Therefore, epileptic activity may recruit mitochondria to synapses and constrain local Ca 2+ signalling in astrocytes. However, it remains to be tested if these hypothetical mechanisms modulate epileptic activity.
Targets of astrocyte Ca 2+ signalling
Astrocyte-neuron communication can involve a diverse set of signalling mechanisms, many of which depend on astrocyte Ca 2+ signalling (for a review, Rusakov et al. 2014) . In the context of epilepsy, Ca 2+ -dependent glutamate release from astrocytes (Parpura et al. 1994) has attracted particular attention. It may amplify epileptic activity by an excitatory feedback loop or even trigger epileptic activity via neuronal N-methyl-D-aspartate (NMDA) receptors (Tian et al. 2005; Fellin et al. 2006; J Physiol 595.6 Gómez- Gonzalo et al. 2010; Crunelli & Carmignoto, 2013) . Whether glutamate release from astrocytes directly triggers epileptiform activity has been a matter of debate (Tian et al. 2005; Fellin et al. 2006 ). An intriguing scenario is that while Ca 2+ -dependent release from astrocytes may not trigger epileptic activity in itself, it can recruit neurons into synchronous activity thus lowering the threshold of ictal activity (Gómez-Gonzalo et al. 2010; Crunelli & Carmignoto, 2013) . The exact signalling pathway remains unidentified, however, and plenty of candidates exist (see Fig. 1 for a potential scenario). Nonetheless, astrocyte Ca 2+ signalling appears to be largely pro-epileptic because infusion of the high affinity Ca 2+ chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N ,N -tetraacetic acid (BAPTA) intro astrocyte networks impairs Ca 2+ signalling and ictal discharges (Gómez-Gonzalo et al. 2010) . Similarly, expression of dominant-negative soluble NSF attachment protein receptor (SNARE) in glia delays the onset of epileptiform activity in the hippocampus in vitro and decreases its frequency (Clasadonte et al. and Na + (violet) concentration increases in astrocytes (grey). These can be mediated by glutamate released from neurons acting on, for instance, astrocyte metabotropic glutamate receptors (mGluRs) and its Na + -dependent uptake through astrocyte glutamate transporters (GLT1). But other signalling molecules may be equally important (see text and Perea et al. 2009; Kirischuk et al. 2012) . The spatial extent and duration of Na + and Ca 2+ signals is likely to depend on the pattern and intensity of neuronal activity. Na + and Ca 2+ signalling can mutually influence each other via the Na + /Ca 2+ exchanger (NCX). An increase of Na + after glutamate uptake may lead to NCX operating in reverse mode transporting Ca 2+ into the astrocyte. Both astrocyte Ca 2+ and Na + can establish a feedback loop onto neurons using various mechanisms (see text). For example, Ca 2+ -dependent glutamate or D-serine release from astrocytes may strengthen excitatory synaptic transmission and an increase of astrocyte Na + can reduce the driving force for astrocyte glutamate uptake. Both mechanisms would increase glutamatergic excitation and thereby provide positive feedback on a time scale of seconds and less.
2013). Thus, these two studies demonstrate an important permissive role of astrocyte-neuron signalling for the development of epileptiform activity. Besides glutamate, other signalling molecules can mediate a positive feedback loop (for a review, Zorec et al. 2012) . The NMDA receptor co-agonist D-serine is released from astrocytes in a Ca 2+ -dependent manner in acute hippocampal slices and in the cortex in vivo (Henneberger et al. 2010; Takata et al. 2011) . A brief high-frequency stimulus lasting only 200 ms, similar to the duration of interictal activity, can increase NMDA receptor co-agonist site occupancy for at least 20 s (Henneberger et al. 2010) . Astrocytic D-serine supply may thus confer an increased excitability to neurons after an interictal discharge. This could occur even in the, previously reported (Clasadonte et al. 2013) , absence of persistent changes of the resting D-serine concentration. Adenosine receptors could represent additional mediators of a positive feedback loop. Astrocyte Ca 2+ signalling can lead to increased basal glutamatergic synaptic transmission involving activation of A 2A receptors (Panatier et al. 2011) . Although this could be balanced by astrocyte-mediated presynaptic inhibition through A 1 receptors (Pascual et al. 2005; Zorec et al. 2012) . In addition, GABAergic synaptic transmission may also be affected because of astrocytic Ca 2+ increases. For instance, reducing intracellular Ca 2+ in astrocytes by BAPTA reduces γ-aminobutyric acid (GABA) transporter type 3 (GAT3) levels in astrocytes and increases tonic GABA receptor-mediated currents. As a consequence, spontaneous inhibitory postsynaptic currents in interneurons but not pyramidal cells are reduced (Shigetomi et al. 2012) . The net effect of this mechanism on network activity appears difficult to predict. Nonetheless, it represents a potent modulator of network excitability. Finally, glutamate uptake by astrocytes could be altered after increases of the cytosolic Ca 2+ concentration in astrocytes (Fig. 1) . The glutamate transporter EAAT2b was recently demonstrated to show strong surface expression in cultured astrocytes and slices but is internalized after increasing [Ca 2+ ] by glutamate exposure (Underhill et al. 2015) . This may also increase neuronal excitation because astrocytes take up most of the synaptically released glutamate (Danbolt, 2001 ). However, the exact time courses of internalisation and required astrocyte Ca 2+ signal remain to be established. As discussed above, direct experimental evidence indicates that astrocyte Ca 2+ signalling can promote generation of epileptiform activity (Tian et al. 2005; Gómez-Gonzalo et al. 2010) . Nonetheless, Ca 2+ signalling may also counteract the development of epileptic activity. For example, it is required for the transient post-burst depression of release from excitatory synapses (Andersson & Hanse, 2010) and spontaneous excitatory synaptic transmission can be inhibited by a Ca 2+ -dependent boost of astrocyte K + uptake . Also, induction of Ca 2+ transients can increase GABAergic transmission pre-and postsynaptically (Kang et al. 1998) . Finally, the extracellular Ca 2+ concentration is reduced during seizures (Heinemann et al. 1977) and similar reductions of Ca 2+ can trigger astrocyte Ca 2+ signalling and activation of interneurons by purinergic signalling Torres et al. 2012) . These potentially opposing and diverse effects complicate any prediction of how astrocyte Ca 2+ signalling affects network activity. As a consequence, further investigation is required to reveal by which specific mechanism Ca 2+ dependent astrocyte signalling acutely modulates epileptic activity.
Taken together, astrocytes respond robustly with cytosolic Ca 2+ increases to high-frequency neuronal activity and epileptiform activity. A number of Ca 2+ -dependent signalling cascades have been documented in astrocytes of the healthy hippocampus that can establish an excitatory feedback loop operating on the time scale of milliseconds to seconds. Whether this happens primarily at excitatory or inhibitory neurons or both will determine the net effect on network activity. The spatial scale of astrocyte Ca 2+ transients could be critical for the ability of astrocytes to rapidly synchronize large synaptic populations. Finally, the kinetics of Ca 2+ transients could be important for amplification of epileptic activity. For instance, epileptic neuronal activity can trigger an astrocyte Ca 2+ transient that outlasts the neuronal activity. Ca 2+ dependent excitatory astrocyte-neuron feedback could then prolong epileptic activity or establish a time window of increased network excitability. However, this would require, for example, that a transmitter released from astrocytes is not quickly depleted. It appears that investigating the kinetics and spatial aspects of Ca 2+ -dependent astrocyte-neuron signalling during increased or epileptic network activity will provide new insights into the role of astrocyte signalling in epilepsy.
Astrocyte Na
+ signalling
Astrocyte glutamate transporters provide most of the glutamate clearance in the brain and take up glutamate along with Na + ions (Rose & Ransom, 1996; Danbolt, 2001) . Therefore, synaptic release of glutamate is tightly coupled to a cytosolic Na + increase in astrocytes (Kirischuk et al. 2007 (Kirischuk et al. , 2012 Langer & Rose, 2009 ). Similar to astrocyte Ca 2+ signalling, a brief burst of neuronal activity of 200 ms is sufficient to elicit robust Na + transients in hippocampal astrocytes in situ, which can last tens of seconds. Their amplitudes scale with stimulus intensity and reach a few millimolar at the astrocyte soma but can be considerably larger in the astrocyte periphery closer to locally activated axons (Langer & Rose, 2009 ). Most of the glutamate uptake is likely to take place directly at the synapse where thin, leaf-like astrocyte processes approach synaptic structures (Medvedev et al. 2014) . Therefore, fast and confined Na + increases in fine astrocyte processes may far exceed the peak Na + concentrations estimated using diffraction-limited fluorescence imaging techniques. Another feature of these locally generated Na + transients is their reliable propagation through individual hippocampal astrocytes and into neighbouring astrocytes (Langer & Rose, 2009 ). Similar Na + transients occur time-locked to epileptiform activity in hippocampal slices (Karus et al. 2015) , suggesting that ictal and interictal activity can induce synchronized and widespread Na + increases in astrocytes that last for tens of seconds (Fig. 1 ).
An increase of cytosolic Na + levels can have substantial effects on astrocyte physiology ranging from changing driving forces for glutamate and GABA transport and altered ion homoeostasis to metabolic changes (for a review, Kirischuk et al. 2012) . Virtually all of these have the potential to alter network excitability considerably. A recent study estimated that a 12 mM increase of Na + reduces the driving force for glutamate uptake by about 20% (Karus et al. 2015) . At the same time, a Na + increase of this magnitude could easily reverse GABA uptake in astrocytes and release this inhibitory neurotransmitter (Richerson & Wu, 2003; Kirischuk et al. 2012) . A similar argument can be made about the extracellular concentration of the NMDA receptor co-agonist glycine and its transporter Glyt1b. Because of its stoichiometry Glyt1b could reverse during periods of high intracellular astrocyte Na + (Roux & Supplisson, 2000) and thereby increase NMDA receptor-mediated excitation but also glycine receptor-mediated inhibition at higher concentrations. Glyt1 blockade was recently shown to inhibit epileptic activity (Shen et al. 2015) suggesting that elevated extracellular glycine levels may overall inhibit epileptic activity. Finally, a Na + increase can trigger the reversal of the Na + /Ca 2+ exchanger effectively allowing Ca 2+ to enter the astrocyte (Kirischuk et al. 1997 ) thereby linking Na + entry to the Ca 2+ -dependent mechanisms discussed above.
One experimental approach to study the effects of increased astrocyte Na + load is to poison astrocyte metabolism selectively by fluorocitrate or related compounds. This approximately doubles the resting [Na + ] over an hour (Karus et al. 2015) . In vivo, intracerebral injection of fluorocitrate induces epileptiform discharges within 30 min (Willoughby et al. 2003) and epileptiform activity in vitro is also increased by fluoroacetate application in hippocampal slices (Karus et al. 2015) . While this is compatible with the idea that elevated Na + levels could promote development of epileptic activity, metabolic poisoning may affect a host of other astrocyte functions. Thus, astrocyte Na + signalling in response to neuronal epileptic activity may be involved in establishing a period of increased excitability by positive J Physiol 595.6 feedback or synchronization, not unlike astrocyte Ca 2+ signalling (Fig. 1) . Investigation of specific mechanisms will certainly be challenging because of the relatively limited toolset available for specific manipulation of Na + signalling and the number of potential mechanisms outlined above that require testing.
Astrocyte gap junction coupling
Extensive gap junction coupling is a distinct property of astrocytes and enables exchange of small, diffusible molecules throughout large astrocyte networks (for a review, Giaume et al. 2010) . Diffusion in gap junction coupled astrocyte networks depends on the properties of gap junctions but also on the diffusion within individual cells (Giaume et al. 2010; Anders et al. 2014) . The effect of network activity on gap junction coupling appears to be variable and to depend on brain region and experimental protocols (Giaume et al. 2010) . A particularly fast modulation of dye coupling was observed by Serrano et al. who demonstrated an increase of gap junction coupling after exposing acute hippocampal slices to NMDA for 2 min . This suggests that rapid modulation of diffusion within astrocyte networks is possible. However, induction of epileptiform activity in hippocampal slices obtained from 2-to 4-week-old mice did not impair dye coupling between astrocytes (Rouach et al. 2008) . In contrast, induction of status epilepticus by kainate injection in 8-to 9-week-old mice reduced gap junction coupling within 4 h (Bedner et al. 2015) . These results imply that epileptic activity could rapidly affect gap junction coupling but also that time course and exact conditions remain to be firmly established (for a review, Coulter & Steinhäuser, 2015; Steinhäuser et al. 2015) .
Studies on the role of astrocyte gap junction coupling in epilepsy have successfully used genetic models lacking connexins (Cx), which represent the building blocks of astrocyte gap junctions (Cx43 and Cx30). For example, deletion of Cx43 and Cx30 was found to abolish astrocyte coupling, to impair K + buffering and to lead to spontaneous epileptiform activity in the CA1 region of hippocampal slices (Wallraff et al. 2006) . On the other hand, glucose supply through astrocyte networks supports synaptic transmission and also, partially, epileptiform activity (Rouach et al. 2008) . Recent in vivo observations also suggest that energy supply via the astrocyte-neuron lactate shuttle maintains epileptic activity (Sada et al. 2015) . Therefore, a modulation of gap junction coupling in response to increased or epileptic neuronal activity could result in positive or negative feedback on neuronal activity. A sample scenario assuming a downregulation of gap junction coupling by epileptic activity is illustrated in Fig. 2 . Whether a rapid modulation of gap junction coupling can be triggered by short bursts of neuronal or epileptic activity remains to be established.
The time course of the functional consequences of modified coupling also requires consideration. For example, an acute reduction of gap junction coupling may have an immediate effect on astrocyte K + buffering while a slow energy depletion may take longer to become manifest. A rapid modulation of gap junction coupling is also of interest with respect to astrocyte Na + and Ca 2+ signals, which can propagate through gap junctions. For instance, Na + or Ca 2+ spread in the astrocyte network could be constrained as a result of reduced astrocyte coupling. This could limit the ability of Na + -or Ca 2+ -dependent astrocyte-neuron communication to synchronize larger populations of synapses and neurons. Astrocytes form extensive networks by gap junction coupling (blue arrows). Many metabolites including glucose and lactate, ions and signalling molecules can diffuse through this network. Therefore, a reduction of astrocyte gap junction coupling after development of epilepsy (see text and Bedner et al. 2015 ) is expected to limit energy supply by astrocytes to neurons and to impair K + clearance. While limiting energy supply can inhibit ongoing epileptic activity (green arrow), a reduced K + clearance can increase neuronal excitability and thereby promote epileptic activity (red arrow). The net effect could depend on the temporal properties of gap junction modulation and glucose and lactate depletion (see text).
Complex interactions are also expected because Ca 2+ increases could themselves affect gap junction coupling (Enkvist & McCarthy, 1994) .
Astrocyte morphology
Many astrocyte-neuron interactions depend on diffusion of signalling molecules or ions and therefore on the spatial relationship between astrocytes, pre-and postsynaptic neuronal structures and the extracellular space. Therefore, it is likely that rapid changes of astrocyte morphology on the time scale of seconds and minutes affect astrocyte-neuron interactions. For example, acute swelling of astrocyte processes can constrain extracellular space thereby altering extracellular concentration transients of K + or other ions and released neurotransmitters (for a review, Syková, 2004) . Therefore, rapid astrocyte morphology changes could represent a feedback loop between epileptic neuronal activity and astrocyte-mediated changes of network excitability.
Indeed, it is well established that both the K + increase observed during seizures (Heinemann et al. 1977) and the large amount of glutamate released during epileptic activity potently trigger astrocyte swelling and a reduction of extracellular space (for a review, Syková, 2004) . Inducing a similar reduction of extracellular space by changing medium osmolality increases the likelihood of the hippocampus to generate epileptiform activity (Dudek et al. 1990 ). This strongly suggests that astrocyte swelling could represent a positive feedback mechanism by which astrocytes promote epileptic activity (see Fig. 3 for an example). However, an undershoot of extracellular K + is also often observed after ictal activity (Heinemann et al. 1977) . If astrocyte volume purely followed the extracellular K + concentration, their volume response to epileptic activity would be more complex than simple swelling. A similar point can be made about the spatial distribution of astrocyte volume changes. Astrocytes do not swell homogeneously when challenged with hypotonic solution (Chvátal et al. 2007) . Therefore, small perisynaptic processes may respond differently to epileptic activity than larger branches, with different pathophysiological consequences. A spatially heterogeneous astrocyte volume response appears likely, particularly on short time scales of seconds and below, because perisynaptic astrocyte branches are probably exposed to higher neurotransmitter levels.
Aquaporin 4 (AQP4) is thought to be critical for linking synaptic activity and astrocyte volume by facilitating water entry into astrocytes after uptake of K + or glutamate (for a review, Nagelhus et al. 2004; Wetherington et al. 2008) . The observation of prolonged seizures in AQP4 knockout mice (Binder et al. 2006; Coulter & Steinhäuser, 2015) provides additional evidence for a role of rapid astrocyte volume changes in the generation of epileptic activity. Interestingly, AQP4 was recently shown to be required for astrocyte Ca 2+ transients generated in parallel to astrocyte volume responses in cultured astrocytes (Benfenati et al. 2011) . This establishes a potential link between neuronal activity and the Ca 2+ -dependent mechanisms of astrocyte-neuron communication discussed above.
Astrocyte processes may also extend, retract or move in response to epileptic activity. This alters the spatial relationship between astrocyte processes and neurons and thereby astrocyte-neuron communication. Indeed, fine astrocyte processes can approach or withdraw from neuronal spines on a time scale of minutes (Haber et al. 2006; Bernardinelli et al. 2014) . Similar to astrocyte Ca 2+ transients, high frequency stimulation paradigms used for induction of synaptic plasticity appear to be particularly effective triggers of astrocyte restructuring in the hippocampus (Wenzel et al. 1991; Henneberger et al. 2008; Bernardinelli et al. 2014; Perez-Alvarez et al. 2014) . As a result, astrocyte-neuron communication Figure 3 . Rapid astrocyte restructuring in response to epileptic activity could increase neuronal excitation by glutamate signalling and excitability -two examples Epileptic and neuronal activity can affect volume and structure of astrocytes. Acute swelling of astrocytes as a result of increased neuronal activity has been described (top right, grey before, yellow swollen, see text). Consequently, the extracellular volume is reduced and the amplitudes of extracellular K + and glutamate transients during synaptic activity are expected to increase (ECS, extracellular space). This could provide an immediate positive feedback and support development of epileptic activity by increasing neuronal excitability and activation of additional glutamate receptors. High frequency neuronal activity can also acutely, over the time course of minutes, induce astrocyte restructuring (i.e. a fundamental change of the spatial relationship between astrocyte and neuron). For example, a retraction or shrinkage of astrocyte processes (bottom, grey before, yellow after retraction) can increase the distance between neuronal glutamate release and astrocyte glutamate transporters and thus delay or impair glutamate clearance. Released glutamate may then act longer and/or on a larger population of glutamate receptors thereby providing additional excitatory drive to neurons. J Physiol 595.6 can be impaired (Perez-Alvarez et al. 2014) . This is reminiscent of findings in the supraoptic nucleus where physiological changes of astrocyte coverage of neurons during lactation control glutamate uptake and synaptic plasticity (Oliet et al. 2001; Panatier et al. 2006) . Fine astrocyte morphology changes on the time scale of minutes have not been explored in the context of epilepsy. Nonetheless, it is tempting to speculate that epileptic activity induces a rapid restructuring of small astrocyte processes affecting, for instance, glutamate uptake. Astrocyte glutamate transporters display a high motility in the astrocyte membrane in general, but not in the vicinity of synapses (Murphy-Royal et al. 2015) . The activity-dependent process that traps transporters at the synapse is not fully understood. However, it is conceivable that an astrocyte morphological change may release this break on transporter mobility and allow them to diffuse away from sites of synaptic glutamate release. The ensuing reduction of local glutamate uptake could promote epileptic activity. A central signalling pathway controlling astrocyte morphology involves Rho-associated protein kinase (ROCK). Its pharmacological inhibition promotes a more complex, branched morphology in culture (Abe & Misawa, 2003; Racchetti et al. 2012 ) and can increase glutamate uptake (Lau et al. 2011) . Interestingly, ROCK inhibition also attenuates seizures and hippocampal tissue damage (Jeon et al. 2013 ). These observations imply that rapid ROCK-dependent restructuring of astrocytes may play a role in epilepsy (see Fig. 3 for a possible scenario).
For these reasons, rapid astrocyte volume and morphology changes could be potent mediators of a feedback loop that amplifies or prolongs aberrant neuronal activity and thus supports emergence or maintenance of epileptic activity. This may involve various mechanisms including modified K + or glutamate clearance. In addition, morphology changes can also affect diffusion of Na + and Ca 2+ within astrocytes and between astrocytes coupled via gap junctions. Whether changes of astrocyte morphology and intracellular diffusivity indeed have an impact on astrocyte-neuron communication in the context of epilepsy would be an interesting question to address.
Conclusion
In the healthy hippocampus, astrocytes and neurons reciprocally exchange signals on time scales ranging from milliseconds to minutes using a variety of mechanisms. The aim was to review and explore those that can amplify, prolong or dampen neuronal epileptic activity without requiring the well-known long-term changes of astrocyte function seen later in epilepsy. Ca 2+ -and Na + -dependent mechanisms of astrocyte-neuron communication, modulation of astrocyte gap junction coupling and astrocyte morphology changes all appear to be able to contribute to the emergence and maintenance of epileptic activity. A role of astrocytes in the development of epilepsy may thus entirely rely on mechanisms of astrocyte-neuron communication intrinsic to the healthy brain. Among these mechanisms, especially Ca 2+ -dependent astrocyte-neuron signalling is strongly implicated in the generation of epileptiform activity. However, in most cases, arguments can be also presented for an antiepileptic action. Which effect dominates is likely to depend on the selectivity of an astrocyte-neuron interaction for a specific cell type (i.e. excitatory vs. inhibitory neurons and their synapses), its temporal characteristics and spatial extent. Especially the spatial extent could determine how strongly neuronal activity can be synchronized by astrocytes and how the various types of astrocyte-neuron signalling are orchestrated within individual astrocytes and in the astrocyte network.
A significant proportion of the studies discussed above have dissected the mechanisms of astrocyte-neuron communication in reduced preparations like acute hippocampal slices. However, especially in a disease context like epilepsy it will be important to test which types of astrocyte-neuron communication are engaged by brief increases of network activity, interictal or epileptic activity in vivo. Their differential recruitment, for example by interictal activity or towards the end of a seizure, will hint at their pathophysiological significance and could suggest experimental strategies to establish a causal role of astrocyte-neuron interactions in epilepsy. This will add to the challenge of deciphering how a specific type of astrocyte-neuron signalling amplifies or dampens epileptic activity in the face of neuronal network heterogeneity and astrocyte signalling diversity.
